Adult house flies (Musca domestica L.) ingest variable numbers of bacteria when they encounter microbe-rich substrates. Bacterial abundance may affect replication within the fly gut, which subsequently impacts vector potential. This study investigated the dose-dependent replication of GFP-expressing Salmonella enterica serovar Typhimurium (ex Kauffmann and Edwards1952) Le Minor and Popoff 1987, (Enterobacteriales: Enterobacteriaceae) (GFP S. Typhimurium) within the fly alimentary canal. Adult house flies were fed two doses (colony forming units, CFU) of GFP S. Typhimurium (high, ~10 5 CFU and low, ~10 4 CFU). Bacteria were examined at 2-, 4-, 6-, 12-, and 24-h postingestion (PI) in situ in the gut via epifluorescence microscopy and enumerated by culture on selective media. In both treatment groups, GFP S. Typhimurium proliferated and persisted in flies for 24 h. In the high-dose group, proliferation peaked at 6 h PI (>500% increase). In the low-dose group, proliferation peaked at both 4 and 6 h PI (>900% increase). Dose significantly affected bacterial replication within the house fly alimentary canal, particularly at 4-, 6-, and 12-h PI. The ability of S. Typhimurium to proliferate and persist in the alimentary canal demonstrates that house flies may serve as significant reservoirs and probable disseminators of this pathogen. Our results show that bacterial abundance should be considered when assessing the potential of house flies to harbor and transmit pathogens.
survive these processes exit the distal opening of the PM, where they are released into the hindgut and subject to peristalsis and defecation from the rectum (McGaughey and Nayduch 2009 , Fleming et al. 2014 . House flies apparently are very resistant to infection, disease, and permanent colonization by microbes, probably due to the combined defenses of the PM, digestion, and epithelial immune effectors , Fleming et al. 2014 , Nayduch and Burrus 2017 .
House flies encounter various species and quantities of microbes in their environment and have been shown to harbor as many as 100 species of bacteria ranging between 10 7 and 10 10 (colony forming units) CFU per fly (Greenberg 1971 (Greenberg , 1973 . Salmonella spp. have been isolated from wild caught house flies in both agricultural and peridomestic settings (Olsen and Hammack 2000 , Ugbogu et al. 2006 , Choo et al. 2011 , and house flies experimentally infected with S. Typhimurium can transmit the pathogen to humans (Greenberg 1964) . Further, house flies can harbor viable Salmonella spp. both on their surfaces and in their alimentary canals (Pava-Ripoll 2012, Thomson et al. 2017) . Our group recently demonstrated that a GFP-expressing strain of the zoonotic pathogen Salmonella enterica serovar Typhimurium (GFP S. Typhimurium) persists in both male and female adult house flies after being acquired from inoculated cattle manure (Thomson et al. 2017) . We also recently demonstrated that bacterial abundance ("dose') affects persistence of GFP E. coli DH5α in the house fly (Kumar and Nayduch 2016) . Thus, the objective of the current study was to assess whether bacterial abundance affected replication and persistence of GFP S. Typhimurium in house flies.
Materials and Methods

House Fly Rearing and Preparation
House fly pupae were collected from colonies originally established at Georgia Southern University in 2004. To reduce extraneous microbial contamination, pupae were surface sanitized by submerging them in 10% bleach solution for 5 min, followed by rinsing in sterile deionized water. Pupae were kept in a sterile container at 30°C until emergence. Newly emerged adult flies were housed in individual 50 ml jars and fed 5 µl of sterile 10% sucrose on a piece of Parafilm (Fisher Scientific, Atlanta, GA). Flies were fasted for 24 h at room temperature (22-24°C) after which they were fed bacteria as described below, and were again maintained at room temperature.
Bacterial Culture
Salmonella enterica serovar Typhimurium (S. Typhimurium) SR-11 (Schneider and Zinder 1956) was transformed with 1 µg of pGFPuv plasmid (Clontech Laboratories, Mountain View, CA) carrying both kanamycin and ampicillin resistance genes as previously described (McGaughey and Nayduch 2009 ). Bacteria (GFP S. Typhimurium) cultures were maintained on Luria-Bertani (LB) agar (Fisher Scientific) containing 50 µg/ml kanamycin and 50 µg/ml ampicillin. For fly feedings, concentrated bacteria cultures were resuspended in fresh brain-heart infusion broth (BHI; BD Diagnostics, Sparks, MD) with antibiotics (as above) to provide nutrients. Cultures were diluted 10-fold to produce 'high' and 'low' doses for feedings described below (≅10 5 and 10 4 CFU per fly, respectively). In each experiment, the number of CFU fed to flies was estimated using spectrophotometry at OD 600nm and bacterial abundance was confirmed by culturing the BHI suspension after all flies fed.
Microscopic Examination of GFP Salmonella Typhimurium in the Fly Alimentary Canal
Individually housed male and female flies (n = 25 per treatment) were fed a 2 µl droplet which contained either high, 3.3 ± 0.05 × 10 5 CFU (mean ± SEM), or low, 1.5 ± 0.15 × 10 4 CFU, doses of bacteria. Each experiment was replicated three times for a total of n = 75 flies per dose. In each replicate, five control flies were fed sterile BHI broth with antibiotics. Only flies that consumed the entire droplet were included in the experiment, and extra flies were fed in case there were mortalities. In each replicate, bacteria-fed flies (n = 5) or controls (n = 1) were knocked down by chilling at 2-, 4-, 6-, 12-, and 24-h PI, and intact alimentary canals (crop, proventriculus, midgut, hindgut, and rectum) were aseptically removed and viewed by epifluorescent and bright field microscopy as previously described (Fleming et al. 2014) . Images were captured using Leica DFC420 digital camera system for microscopy fitted on a Laborlux 12 microscope (Leitz, Germany).
Enumeration of GFP S. Typhimurium from House Flies
Individually housed flies (n = 25 per treatment) were fed a 2 µl droplet which contained either high, 4.1 ± 0.23 × 10 5 CFU, or low, 1.5 ± 0.08 × 10 4 CFU, doses of bacteria. Each experiment was replicated three times for a total of n = 75 flies per dose. In each replicate, five control flies were fed sterile BHI with antibiotics. Only flies that consumed the entire droplet were included in the experiment, and extra flies were fed in case there were mortalities. In each replicate, bacteria-fed flies (n = 5) or controls (n = 1) were collected at 2-, 4-, 6-, 12-, and 24-h PI after chill immobilization. Flies were surface sanitized by washing in 10% bleach for 5 min followed by 1 min in 70% ethanol, then individually homogenized with a motorized pestle in 500 µl sterile phosphate buffered saline (per 1 liter: 8 g NaCl, 0.2 g KCl, 1.44 g Na 2 HPO 4 , 0.24 g KH 2 PO 4 , pH 7.4; Fisher Scientific). Homogenate was serially diluted and cultured in duplicate on LB agar containing 50 µg/ml kanamycin and 50 µg/ml ampicillin. Cultures were incubated at 37°C for 24 h for GFP S. Typhimurium enumeration.
CFU enumerations were log transformed for analysis. Data were not normally distributed (Shaprio-Wilk normality test, P > 0.05), so Kruskall-Wallis test with Dunn's multiple comparison post-test was used to analyze Log 10 CFUs recovered within dose (treatment) over time. Two-way ANOVA with a Bonferroni multiple comparison post-test was used for pairwise comparisons of percent survival within time point across high-and low-dose treatments. Percent survival was calculated as the number of CFU recovered at each time point divided by initial dose fed. Analyses were performed using GraphPad Prism for Mac, ver. 5.0 (www.graphpad.com).
Results
Fate of GFP S. Typhimurium in the Fly Alimentary Canal
Overall, GFP S. Typhimurium was highly motile and widely dispersed in the house fly gut, irrespective of dose that was ingested. Representative images of control flies and several regions of the alimentary canal of GFP S. Typhimurium-fed flies, all captured at 6-h PI, are shown in Fig. 1 .
In the high-dose GFP S. Typhimurium experiment, viable bacteria were consistently observed in the crop and midgut of all 15 flies at 2-h PI. At 4-h PI, viable bacteria were observed in the entire gut including crop, midgut, hindgut, and rectum of all 15 flies. The number of visible cells appeared more abundant than those observed at 2-h PI (not shown). Similar observations were noted in flies observed at 6-h PI, with actively motile aggregates of bacteria being seen in the midgut of all 15 flies. At 12-h PI, bacteria were observed in all regions of the gut of 15 flies; however, the number of bacteria visually appeared to be fewer than those in earlier observations. At all time points, bacteria were trapped within the inner PM of the midgut, and the majority of cells were highly motile within the lumen. In all 15 flies observed at 24-h PI, viable and highly motile GFP S. Typhimurium were seen throughout the length of the gut. The number of cells visually appeared to be more abundant that those observed at 12 h.
We observed a similar pattern in the low-dose bacteria-fed flies during early time points (2-to 6-h PI). At 2-h PI, GFP S. Typhimurium cells were observed in the crop and midgut in all 15 flies observed. At 4-h PI, bacteria were observed in the entire gut (crop, midgut, hindgut, and rectum) and were actively motile in all of 15 flies. At 6-h PI, bacteria were seen in all regions of the gut and appeared to be in greater abundance compared to previous observations. At 12-h PI, bacteria were present in all regions of the gut of all 15 flies. At 24-h PI, bacteria were also present in the entire gut in all 15 flies observed but appeared to be less numerous than in earlier observations. No GFP S. Typhimurium were observed in guts of control flies that had been fed sterile broth.
Enumeration of Salmonella Typhimurium From House Flies
Bacteria were enumerated from whole, surface-sanitized flies (Fig. 2) in addition to the microscopy observations. Bacteria CFU counts were Log 10 transformed for nonparametric analysis using Kruskal-Wallis with Dunn's multiple comparison test (Supp Table 1 [online only]). For high-dose experiments, flies were fed 4.1 ± 0.23 × 10 5 CFU. Kruskal-Wallis analysis showed a significant effect of time on Log 10 CFU (H = 36.61, P < 0.0001). At 2-h PI, a mean of 5.6 ± 0.38 × 10 5 CFU was recovered, which accounts for ~37% increase from the initial amount of bacteria that were fed. By 4-h PI, 1.6 ± 0.55 × 10 6 CFU were recovered, which is a 290% increase from the amount ingested by the flies. At 6-h PI, an average of 2.6 ± 0.63 × 10 6 CFU were recovered, which represents a significant increase (530%) from the number of bacteria that were fed at 0 h (P = 0.0221) and 2 h (P = 0.0017). This was followed by a decrease in the CFU recovered at 12-h PI (4.8 ± 0.64 × 10 5 CFU), representing only 17% more than the amount that had been fed. Further, this amount was significantly lower than the CFU recovered at both 4-and 6-h PI (P = 0.0072 and P < 0.0001, respectively). The number of recovered bacteria again increased at 24-h PI, to 1.64 ± 0.55 × 10 6 CFU, which represents a 300% increase from the initial dose and >240% increase compared to the previous collection period (12-h PI). This increase was not statistically significant (P > 0.05) likely due to highly variable CFU counts from flies at 24 h (range: 2.03 × 10 5 to 6.00 × 10 6 CFU per fly; n = 15).
For low-dose experiments, flies were fed 1.5 ± 0.08 × 10 4 CFU. Kruskal-Wallis analysis showed a significant effect of time on Log 10 CFU (H = 32.81, P < 0.0001). The average CFU recovered at 2-h PI was 6.2 ± 2.3 × 10 4 CFU, representing a >300% increase in bacteria compared to the number that were fed. At 4-h PI, 1.6 ± 0.54 × 10 5 CFU was recovered from flies, which was 966% greater than the initial mean CFU ingested. The large increase in abundance at 4-h PI, was not significantly different from 0 h (P = 0.0667), likely due to high fly-to-fly variability (range: 2.42 × 10 4 to 7.61 × 10 5 CFU per fly at 4-h PI; n = 15). However, bacteria recovered at 6-h PI (1.5 ± 0.28 × 10 5 CFU; 900% greater than the initial amount fed) was significantly different from 0 h (P < 0.0141). At 12-h PI, the number of bacteria recovered decreased by ~34% from 6 h, to a mean of 9.9 ± 4.2 × 10 4 CFU. This amount was still 560% more CFU than the initial amount fed, but was not statistically significant, again likely due to high fly-to-fly variability (range: 4.8 × 10 3 to 6.5 × 10 5 CFU per fly; n = 15). At 24-h PI, 1.8 ± 0.33 × 10 4 CFU were recovered, representing a 20% increase from the initial dose and an ~82% decrease from the previous time point. The CFU abundance recovered at 24-h PI was significantly lower from the CFU recovered at both 4-h (P = 0.0002) and 6-h PI (P < 0.0001).
Pairwise comparisons of percent survival of GFP S. Typhimurium were made across low-and high-dose treatments, within each time point. Two-way ANOVA showed that dose affected percent survival within time point (F = 18.65, df = 1,140, P < 0.0001). Bonferroni multiple comparison post-test revealed that high-and low-dose treatments differed at 4-h (t = 3.13, P < 0.01), 6-h (t = 3.119, P < 0.05), and 12-h (t = 3.165, P < 0.01) PI.
Discussion
The primary objective of this study was to assess the differential replication and persistence of two doses of GFP S. Typhimurium in the alimentary canal of house flies. Individual flies were fed bacteria differing by approximately one order of magnitude (~10 4 and ~10 5 CFU). The fate of each dose (treatment) was assessed in the alimentary canal by visual inspection and by enumerating bacterial abundance over time. Bacterial abundance was compared within treatment over time in order to determine significant changes across five time points over 24 h. Bacteria survival (measured as percent survival, which was the CFU recovered at each time point, divided by the CFU fed to that treatment group) was compared across treatments within time point in order to assess dose-dependent effects. An effect of treatment was seen in both the replication and persistence of bacteria within treatment over time and the pairwise comparisons of percent survival across treatment within time point, supporting dose-dependent effects on the fate of GFP S. Typhimurium in adult house flies. These findings represent a novel contribution to the understanding of how bacterial abundance may impact house fly vector potential for pathogenic bacteria.
Similar patterns of bacterial replication and persistence were seen in both the low and high dose-fed flies, where GFP S. Typhimurium steadily proliferated from 0-to 6-h PI but declined from 6-to 12-h PI (Fig. 2) . Although the patterns were similar, cross-treatment comparisons showed differences in percent survival at 4-, 6-, and 12-h PI. Interestingly, bacteria proliferated to a much higher relative abundance (percent increase) in the low-dose treatment group in the 0-4 and 0-6 h time intervals. Furthermore, at 12-h PI, the low-dose flies still had 560% more bacteria than the amount fed, whereas the high-dose flies retained only 17% more than the amount fed. The factors underlying the differences in replication success between the two treatment groups remains unknown but may be attributable to nutrient availability in the broth. In both treatment groups, bacteria were fed in the same volume of broth (2 µl). The low-dose (=lower abundance) bacterial population would be able to proliferate while using fewer nutrients compared to the high-dose group, who would need to exploit more nutrients to reach the same relative percent increase because the population was about 10 times greater than the low dose.
The dip in bacterial abundance between 6-and 12-h PI seen in both treatment groups may be attributable to loss of bacteria by peristalsis and defecation, as bacteria were seen in the hindgut as soon as 4-h PI. GFP S. Typhimurium was shed in excreta from flies in both groups during the entire collection period (data not shown), but further studies are needed to determine the excretion rate and to compare the abundance of bacteria in excreta droplets across treatments. Alternatively, the decrease in bacteria may have been due to house fly antibacterial defenses such as the epithelial immune response, lysis by digestive enzymes in the fly gut, or other unknown defenses (reviewed in Nayduch and Burrus 2017). However, we saw no evidence of extensive bacteria lysis in the gut of house flies as has previously been witnessed in similar studies using other GFP-expressing bacterial species such as Aeromonas hydrophila (McGaughey and Nayduch 2009 ), Staphylococcus aureus , and Escherichia coli O157:H7 (Fleming et al. 2014) .
Differences in bacteria persistence between the two treatment groups were seen during the 12-and 24-h interval. In the high dosefed flies, bacteria proliferated during this interval, recovering up to 240% from 12 h and exceeding the initial amount fed by 300%. In comparison, bacterial abundance continued to decline after 12 h in flies fed the low dose of GFP S. Typhimurium, although the CFU recovered at 24 h was still 20% greater than the amount fed. These distinctions may be due to the differential abundance of viable bacteria at 12 h across the treatment groups. For instance, in the high dose-fed flies, a greater amount of bacteria remained compared to the low-dose group, which may have been substantial enough to allow for subsequent proliferation. Similar speculation was made for the dose-dependent survival of GFP E. coli in flies (Kumar and Nayduch 2016) , where persistence, and likely replication, success was attributed to being above or below a 'threshold' amount of bacteria that either evaded detection by the immune response and/ or, by sheer numbers, that were able to establish a foothold against the immune response and other fly defenses. Interestingly, we have shown that >10 4 CFU of S. Typhimurium can be cultured at 54-h PI from flies in both the high-and low-dose treatments (Chifanzwa and Nayduch, unpublished) , leaving the possibility of cyclic patterns of attrition followed by proliferation to be determined in future studies. It remains possible that if the observations were extended past 24 h, GFP S. Typhimurium would also proliferate in the low-dosefed flies, but due to our experimental design, we did not capture this proliferation phase.
In the current study, bacteria abundance did not drop below the amount that was ingested in either treatment group, which demonstrates that both doses of GFP S. Typhimurium persisted in house flies despite differing patterns in bacterial proliferation. It is curious that bacteria were able to proliferate during these later time intervals, as the flies only ingested one 2 µl droplet of media whose nutrients presumably would have been rapidly depleted during initial rapid growth phases (i.e., 0-to 6-h PI, in both groups), which should preclude a second replication phase during the 12-to 24-h interval. Whether bacteria are able to appropriate nutrients from the fly itself is unknown, but no apparent detrimental effects on the flies that would indicate pathogenesis or competition for nutrients were observed. It would be interesting to see how the temporal dynamics of bacterial proliferation and persistence would change if a second meal was provided to the flies, as that would more closely reflect natural feeding patterns.
When compared to previous studies of Gram-negative bacteria in house flies, the 'fate' of GFP S. Typhimurium in the alimentary canal is most similar to that of GFP Pseudomonas aeruginosa ), but different from laboratory strains (e.g., DH5α; Kumar and Nayduch 2016) and pathogenic strains (e.g., O157:H7, Fleming et al. 2014 ) of E. coli. Both S. Typhimurium and P. aeruginosa persist and proliferate in the house fly alimentary canal, whereas the E. coli strains apparently become immobilized within the PM in the house fly gut by unknown mechanisms and are subject to rapid loss by peristalsis, defecation, and lysis. In contrast, S. Typhimurium and P. aeruginosa both remain highly motile, even within the PM, and are found in all parts of the alimentary canal soon after ingestion. We suspect that this motility allows bacteria to evade hostile gut conditions like sharp changes in pH and osmolarity, digestive enzyme secretions, and antimicrobial effectors. After sensing unfavorable conditions in the physiological environment, S. Typhimurium could chemotactically avoid bacteriolysis (Bren and Eisenbach 2000) . Also, motility allows S. Typhimurium to move counter to host peristalsis and avoid expulsion. Moreover, S. Typhimurium and P. aeruginosa have outer membranes densely covered with lipopolysaccharide (LPS). LPS and other complex cell envelope molecules have been shown to act as a physical barrier to digestive enzymes and lysozyme (Nakimbugwe et al. 2005) and to antimicrobial peptides (Papo and Shai 2005) . Notably, S. Typhimurium bacteria are facultatively anaerobic enteropathogens (Schiemann and Shope 1984) that are well adapted to living in the gastrointestinal tract of diverse organisms including mammals, reptiles, and birds (Roy and Malo 2002) . Thus, S. Typhimurium could be naturally suited to persist in the relatively less complex, yet similar, conditions present in the house fly alimentary canal.
In conclusion, this study demonstrated that bacterial abundance differentially affects replication and persistence of the pathogen S. Typhiumurium in house flies. Subsequent studies in our laboratory are focusing on the dose-dependent excretion of this bacterial species in house flies in order to better assess the role that bacterial abundance plays in transmission potential. Collectively, these studies will identify factors that contribute to the house fly's ability to vector pathogens and can help inform other studies of fly-pathogen interactions.
